
A~~~~~ DA2O 395)40;cuMENAIaN PAGE PISRIBUMINrAMNr

IS L ECTE IbRESTRICTIVE MARKING Appro.ved ~plnr~a~

2SECURITY CLASSIFI 5 ATION AUT YA U16 3 OiTIUINAAL~t4 i,~o. --

2b. OECLASSIFICArION I DOWNGRATWHEOULE Distribution unlimited

4.PEFOMNGORANZTIN EPR IUMERS S. MONITORING ORGANIZATION REPORT NUMBER(S)

UNIV. OF MIASSACHUSETTS NA

6a. NAME OF PERFORMING ORGANIZATION 6b. OFFICE SYMBOL 7a. NAME OF MONITORING ORGANIZATION

(if applicable)
UINIV__F_%LSSCHUSETT Office ofNavalResearch

6C. ADDRESS (Cl)'. State, and ZIP Code) 7b ADDRESS (City, Stat(e. and ZIP Code)

DEPTS. OF BIOCHDIISTRY AND POLYM\ER SCIENCE & 800 N. Quincy St.
ENGINEERING, UNIV. OF MIASS., A"MERST MA% 01003 Arlington, VA 22217-5000

Ba. NAME OF FUNDING /SPONSORING Bb. OFFICE SYMBOL 9. PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
ORGANIZATION (If applicable)

Office of Naval Research J ONR N00014-86K-0369

Sc. ADDRESS (City, State. and ZIP Code) 10 SOURCE- OF FUNDING NuMBE:ZS

800 N. Quincv St. PROGRAM PROJECT ;AS "OR r~iArlington, VA 22217-3000 ELMN NO 0O NO ACCS~NN

61153N RR04106 AS441 vOF
11 TITLE (include Security Classification)

(11) Cellular and Molecular Approaches to Polymer Synthesis by Bacteria

12~ PERSONAL AUTHOR(S)
FULLER. R. CLINTON and LENZ. ROBERT W.

13a. TYPE OF REPORT 13b. TIME COVERED It4. DATE OF REPORT (Year, Month, Day) IS- PAGE COUNT

Annual IFRM I1B3LTO02128L891 Karch 1. 1989
16. SUPPLEMENTARY NOTATION

Prepared in cooperation with senior researcn personnel supported by contract (see attached
summaries and reorints)

17. COSATI CODES 18. SUBJECT TERMS (Continue on reverse if necessary and identify by block number)

FIELD GROUP SUBGUP Biopolymers; biosynthetic polyesters; biodegrdbepatc;

06 functionalized polymers,-,-,)*--

19. ABSTRACT (Continue on reverse if necessary and identify by block number)

During the last year we have concentrated our research in the following areas:

1. The regulation and optimization of the synthesis and production of poly-
(f-hydroxyalkanoates) (PHA) in Rhodospirillun rubruni and Pseudomonas oleovorans.
Oxygen concentration affects cell growth, polymer content and cell yield.

2. The biosynthesis and analysis of functionalized PHA from R. rubrum,
Alkaligenes eutrophus and Pseudornonas oleovorans. A remarkable functionalized
biopolymer,' -hydroxy-5-phenylvalerate was produced by Pseudornonas oleovorans.

3. A study was initiated on the production and characterization of
biodegradable polymers f rom Pseudowonas oleovorans.....L
(See appended research summaries pp. 1-4.)

20. DISTRIBUTIONI/AVAILABILITY OF ABSTRACT 21. ABSTRACT SECURITY CLASSIFICATION
E9UNCLASSIFIEOINLIMiTED 0 SAME AS RPT. f] DTIC USERS (U)

22a. NAME OF RESPONSIBLE INDIVIDUAL 22b. TELEPHONE (include Area Code) 22c. OFFICE SYMBOL

.Xf. Karron 202-696-4760 ONR
00 FORM 14 73. 84 MAR 83 APR edition may be used until exnausted. SECURITY CLASSIFICATION OF THIS PAGE

All other editions are obsolete.



Research Summaries for Annual Report Contract N00014-86K-0369
Cellular and Molecular Approaches to Polymer Synthesis of Bacteria.

March 1, 1988 - February 28, 1989

The following personnel have contributed to the project during the last contract
year:

Contractors

Dr. Robert W. Lenz - Professor of Polymer Science & Engineering
Dr. R. Clinton Fuller - Professor of Biochemistry

Research Associates

Dr. Richard Gross

Dr. Helmut Brandl
Dr. Markus Wolf -

Dr. Katharina Fritzsche ".

Dr. Manuela Benvenuti 4
Mr. Edward Knee -. - 1

Students

Mr. Paul Weisbach
Mr. Alex Jesurum
Ms. Young Baek Kim (Korea)
Mr. Herbert Ulmar

Mr. Steven Fagan

89 17 090



2

Control of PHA synthesis

Recently our research has been focused on the effect of oxygen
concentration on PHA production. We are currently using two organisms,
Rhodospirillum rubrum and Pseudomonas oleovorans, to investigate oxygen's role
in polymer formation. It has been observed that aeration conditions affect cell
growth, polymer content and polymer yield.

Rhodospirillum rubrum was grown anaerobically in the light with acetate as
a carbon source. Under these conditions PHA constituted about 2 to 5% of the
cellular dry weight. These culture conditions were then altered by the addition
of oxygen. When R. rubrum is grown in the light with oxygen the photosystem
becomes photo-oxidized, a condition stressful to the cell. These changes cause
the cell to utilize aerobic metabolic pathways. These experiments showed that
after aeration, growth increased as well as polymer production. Cell dry weight
increased from 200 to almost 800 mg/l, while PHA yield increased from 20 to 325
mg/l. It was also noted that the pH of the culture increased from 6.8 to about
9.0.

Experiments with Pseudomonas oleovorans have shown that, under conditions of

limited oxygen, growth is inhibited and polymer production is triggered. In
batch cultures, as oxygen concentration approaches zero, cellular PHA content
increased from near zero to 20% of the cellular dry weight. A series of
experiments has shown at which times, during the growth of the organism, polymer
production is greatest and harvesting gives maximum PHA vield. Other
experiments have also been conducted which determined optimum nutrient
concentration in the growth media. These experiments have strictly defined the
growth characteristics of P. oleovorans, information which is necessary for
establishment of a continuous culture.

These results will be used by others in different areas of the project to
increase production of novel PHAs. These experiments also form a foundation upon
which future experiments will be based. In particular these results will be
used to design continuous culture experiments. Continuous culture techniques
will allow us to harvest large volumes of cells, which contain the optimum amount
of polymer, and also allow study of biochemical processes at specific points in
the growth cycle.

Biosynthesis and Analysis of Functional PHA from Rhodospirillum and Alcaligenes

The major emphasis is to produce functional biodegradable polymers and new,
totally biodegradable polyhydroxyalkanoates, PHAs. The work entails the use of
two microorganisms, Rhodospirillum rubrum and Alcaligenes eutrophus, which
metabolize the shorter chain acids (propanoic acid to heptanoic acid).

We investigated the proe'ition of polymers with pendent functional groups
by A. eutrophus, in addition to the well-known copolymer poly(hydroxybutyrate-
co-hydroxyvalerate), P(HB-co-HV). Various acids, 8-hydroxy acids, and
functional acids were used as carbon sources, which were then fed to the
bacteria. So far, A. eutrophus has produced varying compositions of P(HB-co-
HV), and has shown limitations in producing varying PHAs.
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R. rubrum shows greater versatility in producing unique PHAs. As with A.
eutrophus, various carboxylic acids were fed to R. rubrum. There was
incorporation of longer pendent groups (e.g. propyl groups) and when grown on 4-
pentenoic acid, a copolymer of up to 30 mole percent olefin pendent groups was
obtained.

Biosynthesis and Analysis of Functional PHA from Pseudomonas Oleovorans

Various alkanoates and f-hydroxyalkanoates with an additional
functionality, such as methylbranches, doublebonds, ketone, hydroxyl and
carboxyl groups, and a derivative with a protected hydroxyl group, were
synthesized for use as organic substrates.

These and some commercial alkanoates with phenyl-, p-nitrophenyl-, p-
methoxyphenyl-, amino-, bromo- and cyano-substituents were each used as the sole
carbon-source to cultivate the microorganism Pseudomonas oleovorans, which is
known to form PHA (poly-p-hydroxyalkanoates) from straight chain alkanoates like
octanoate or nonanoate. Mixtures of octanoate and methyl branched octanoates
with varying composition were fed also.

The growth of the bacteria on these substrates was determined by measuring
the optical density of the culture and the weight of the lyophilyzed cells. P.
oleovorans grew on almost all of the substituted alkanoates moderately to well,
but sometimes growth started only after an induction period of up to ten days.
In some cases the concentration of the carbon source was varied in order to
optimize the growth.

The cells were examined for their content of polymer by microscopy, looking
for visible inclusions in the cells. The polyester content was determined
quantitatively either by GC analysis of the methanolized polymer, after treating
the dry cells with sulfuric acid in methanol, or by the weight of the isolated
polymer obtained from solvent extraction of the lyophilyzed cells.

Although P. oleovorans grew on almost all of the substituted alkanoates,
polymer was only formed from 7-methyloctanoate, 5-phenylvalerate, P-hydroxy-6-
and 8-hydroxy-7-octanoate. As expected polymer was obtained also from the
mixtures of octanoate with methyl branched octanoates.

The IH- and 13CNMR spectra of these polyesters showed that the double
bonds, the methyl branches and the phenyl group were incorporated into the side
chain of the PHAs. As far as the mixtures of octanoate with methyl octanoates
are concerned, branched units were incorporated into the polymer not only in
case of the 7-methyloctanoate but also of 6- and 5-methyloctanoate, but no
polymer was formed at all if only these substrates were fed without octAnoate.

The composition of the polymers and copolymers was determined by GC-
analysis of the methanolyzed polyester. To identify the peaks the corresponding
methyl-p-hydroxy-alkanoates were synthesized as authentic standards.

The polymers obtained from the alkanoates and the methyl branched
alkanoates contained mainly units of the corresponding P-hydroxyalkanoates, and
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to a lesser extent, units which were two carbon-atoms shorter. Furthermore the

polyesters obtained from the unsaturated f-hydroxyoctanoates contained also

units with a saturated alkyl side chain. The polymer formed from 5-

phenylvalerate was poly-p-hydroxy-5-phenylvalerate, a pure homopolymer. This is

truly a unique biopolymer and a remarkable result, and this finding offers great

potential for a functional polymer of PHA.

The molecular weights of the new polyesters determined by GPC-analysis

compared to polystyrene standards ranged from MW - 200,000 to 300,000 and MN -

120,000 to 270,000. The polydispersities were very low and varied from 1.5 to 2.0.

The thermal analysis with DSC showed that the polyesters with the branched

and the unsaturated side chains have a glass transition at about -40 to -20°C

and a low temperature melting transition at approximately 50-60°C. The latter

was absent in the second DSC run on cooling down the melt rapidly.

A series of new poly-f-hydroxyalkanoates, PHAs, was also obtained and

analyzed using only the compounds listed below as the carbon sources.

H 3 C OH NONANOIC ACID

0

HC UNDECANOIC ACID

0

OH

H 2C UNDECYLENIC ACID.

0H3 C OH

DODECANOIC ACID

0~OH
H 3C TRIDECANOIC ACID

0 °OH
H3 C MYRISTIC ACID

0

The fermentations in this study were carried out on a 12L culture scale,

and the reproducibility was checked. Methods to obtain reproducible PHAs from

the same carbon source were established. New PHA copolymers were prepared also

by using mixtures of two of the compounds above as the carbon source, and

homogeneous copolymers containing all of the repeating units from both of the

compounds were obtained. The crystalline properties of all of these new PHAs

were determined.
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P1seudornonas oleoiorans was grown in homogeneous media containing a-alkanoic acids, from formate to
decanoate, as (he sole carbon sources. Formation of intracellular poly(II-hydroxvalkanoates) was observed only
for hcxanoate and the higher n-alkanoic acids. The maximum isolated polymer yields were approximately .30%i
of (lhe cellular dry weight witlh growth on either octanoate or nonanoate. In most cases, the major repeating unit
in the polymer had tile same chain length as thc ,,-alkanoic acid used for growth, but units with two carbon
atoms less or more than thie acid used as a carbon source were also generally present in the polyesters formed.
Indeed, copolymers containing as many as six different types of J3-hydroxyalkanoate units were formed. The
weight average molecular wecights of the poIy(l-lydroxyailkanoatc) copolymers produced hy P. ofcovorans
ranlged froiii 90,000 to 370,000. In spite of tile higher cell yields obtained with octanoate and nonanoate, thle use
of hexanoate anid hlepanoatc yielded higher-miolecular-weight polymers. These copolyesters represenit an
cotircly o ew class oif hbiodegradabhle t hermoplast ics.

The ability of hbcteria to form jilt rade!Iuhir storage gran- tdc,,i~rans to produce various types of P1-IA hornopolymiers
ules composed of poIly(o-hydroxyvalkaknoaites) (PHA) in gen- or copolymers and to incorporate different monomers into its
eral. and poly(P-hydroxybiutyrate) (PH B) in particular. has storagc polymers. Thc objectives of this study were: Wi to
been used as a parameter for the taxonomic classification of optimize the growth and culture conditions for PHA produc-
the genus I'xetd(,,,unas (26. 29). Many different types of tion by 1P. olaorra,,s. including an evaluation of NH, ' and
pseudomonads arc able to produce this storage polyester. a variety of organic substrates for further control of polymer
which is usually formed under nutrient-liniitine conditions production. (ii) to isolate the various polyesters produced
(8. 27). R~ecently. it became of industrial interest to evaluate and determine their monomer composition and molecular
these polyesters as biodegradable thermoplastics for a wide weights: and (iii) to gain information about the metabolic
range of possible applications, such as surgical sutures, pathways of the various carbon sources which were used in
long-termi carrier% for drugs, or molded plastics and films this study for both growth and PHA production.
(16-18). PHB homopolymer and copolymers of P-hydroxy-
butyrate and P-hydroxyvalerate are currently being industri-
ally produced by ICI Ltd. for this purpose by the use of MATERIALS AND METHODS
Alra/igettes eiropiss. These polymers are commercially
available under the trade name Biopol (P. A. Holmes. Stock cultures of P. oleovr'nns (ATCC 29347) were
European patent application 0 052 459. Oct. 1981). In addi- maintained on a slightly modified E* medium described
tion to A. eutrapiws. some cyanobacteria (e.g.. Aphanw- previously (Lageveen. dissertation). The medium contained
i/see sp.) are also known to form poly(1-hydroxybutyratc- the following (per liter): (NH4 ),HP04. 1.1 g; K,HPO.. 5.8 g:
co-P-hydroxyvaleratc). but their PHA content is usually I'H.P04 . 3.7 g. Ten milliliters of a 100 mM MgSO4 solution
very low (5). Physical and mechanical properties of these and 1 ml of a mieroelement solution were added. The
copolymers, such as stiffness, melting point, extension to microelement solution contained the following (per liter of 1
break, and resistance to organic solvents, can change con- N HCI): FeSO. -7H.O, 2.78 g; MnCI . 41-20. 1.98 g;
siderably as a function of the monomer composition (2. 14. CoSO. - 7H 20. 2.81 g; CaCI2 . -2H,O. 1.67 g, CuCI 2 - 2H 20,
31). 0. 17 g. ZnSO, - 7H 20. 0.29 g. The carbon source was added

PHA extracted from sewage sludge and marine sediments to give a final concentration of 10 to 20 mM. The pH was
showed the presence of 13-hydroxyalkanoate units other than adjusted to 7.0. and the medium was autoclaved. For the
13-hydroxybutyrate and 13.hydroxyvalcrate (13. 25. 31). stock cultures. 10 mM %odium octanoate was used as the
which suggests the presence of microbial populations in sole carbon source. Solid medium was prepared by addition
these environments that are capable of producing other of 1.5% agar. Cells were grown aerobically in liquid culture
ty'-s of' PHA. However, only Bacillus onegateritin (13) and for 24 h. A sample was transferred to agar plates and grown
Pseudomonas oleovorans (9; R. Lageveen. Ph.D. disserta- for another 24 h. The plates were then stored at 4*C for up to
tion. University of Groningen. The Netherlands. 1986) are 3 months. Cells from these plates were transferred to liquid
known to incorporate repeating units longer than four or five medium which was used as an inoculum for all further
carbon atoms into their storage polyester. growth experiments.

In the present study, we investigated the ability of P. Generally, growth experiments were performed under
aerobic conditions in 200-mI or 1-liter cultures in a temper-

_______ature-controlled shaker (New Brunswick Scientific Co.,
Corresponding author. Inc.; 31*C; 150 rpm). After the medium was autoclaved.
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Stcuie'sl~ic have 1CIf (Corrcd tit, fn m rcr Cc, mi:c crr , t ii(uec cl ii fo r thle ifroi((lflar ftcritioi fn

of ct~-iirc c/cnacx ( i'lA ) tin the p/iatcirccplic. purple, noic,clphcr bacrions RhIudopi ri In c:
rtib rc..'. ftpcnccitial toi pr,fc/cu mnel (cpocte crs ont-c.s ic'tiflorc'd. /'.'cecit I:. it liii. becomlce of/ tod/ic.ttrfci

otteri'xt (to etc ite tlhese. polIst-e.or..(ia% pctennraih hiodcetrccciccle p/c_is .s (ir at icile rccccee ofi 1cc~sidlc'

ccpptfctionls. On ao, ,cducstriociMae, the ucse of p/uoosvtleihatrccmccl/rcs .cii/lCscleirqncr'

ficr C/he prccclisl ofj flitse ,,ccteriiclx. R. rubrcim ucs c/row,: tactrohjeci~ i t/he fight opt ,/i/fm'rent i jcc'roodu

lcrccic/cec ftl-ic iiva Icroxlcc iw cids wid cririois citokottocic ocidl.%. Unde'r itiirot i-lictcitiniq coditionsito ccPIIA

cct'tel of lip lip 45% ccf cc'iclr c/rY wec ightf wa-s dietecteci. WhViic R . rutortom wacs gjrownl totc cliferent

cocottrwci'aitis cq rcctricccx ccciccciids. jictriwc'ittar IlA proclcion wits5 clefeced 'im tiff a/ccids ucsed, /itl most

o/ thei cases. the ;ltorayc potriier rc-orajccc'c ff'/cirox it iYrate (i/11) tnc/ ft-i, crox Yic/rtt (itV t'liccccrer
imilis. CGi'cwti cost so-l-cfknnce cc cc/s with cc cccli, h'nqit IcJ' Jer cccrhccccs tihcoc.' cci tcrc'r. R. rubrurn prclcccell cc

ccD/cciiccccr colticliclte( / icrXic'ccccte (11C) rc'petjccqn cacit ics cit/citjc'c t# the1 H//8 cccic 1/V cclcttccclcr.

('iUc, fl-iurc,'o rrleptictiric acid ais fthe corhcccpo .sdclrce. it wclc.f.(hich Icootictccicc IIB. It V HC. ccci/ II-

/ccc/(cc.5ilpcitldcccte ccc.' ircntt I ice se cccpccti'xtc's rc'prc'csccc cc nlS' (coyK., of/ ilio'cdciclc. /le reriac/thistics-

Thecc re'sclts ciettclcsrctc' t/cc cclctcthllcic flce viila -vof . rtebrum it fio-rc, cci cil''' tipt's c/ pccet-2 i-e t ich/
111lil/if %11h.%jifhode /ctlics %Y11c1lccesized ./rclc ,cc'rrcchercl.l

Ket I.~cc,: iml'.erzcuicbk r plat" txiytfti-droakinuatclocl. hiccteriI p'.ilyonucrs: Khcck/ccpintc...co r,lcrccc.

Introduction R =n-alkyl pendant group of variable Chain length

The phototrophic. purple. non-sulphur bacterium
R/copiriitcu orubrut is known to produce intracellular H B. R = methyl
energy and carbon storage products which have been HV. R = ethyl
generally described as being polytfl-hydroxybutyrite). HC. R = n-propyl
PH 0' ". This particular polymer belongs to the family of H H. R = n-butyl
polyWf-hydroxyalkanoatcsJ. (PHA). (formula 1). which HO. R = n-pentyl
are formed as intracellular inclusions under unbalanced HN. R -n-hexyl
or stressed growth conditions. i.e. in the presence of H D. R = n-hcptyl
sufficient carbon or energy source and a limiting nutrient H LID. R = n-octyl
or growth factor5" HDD. R=n-nonyl

Thus, reducing equivalents originating from metabolic
-C oxidation processes are stored in a. chemically and

-osmotically inert form'. The ability of cells to piroduice
PHA is widespread among micro-organisms and a

(I variety of bacterial strains is Capable of forming this
intracellular polyester'. Generally, ctnvironmiental

* f~ wlcwn (wr~wiicn~ ~ ~ ~conditions and phaysiological abilities of the bacteria


